Introduction-The NMDA receptor is a ligand-gated ion channel that plays a critical role in higher level brain processes and has been implicated in a range of neurological and psychiatric conditions. Although initial studies for the use of NMDA receptor antagonists in neuroprotection were unsuccessful, more recently, NMDA receptor antagonists have shown clinical promise in other indications such as Alzheimer's disease, Parkinson's disease, pain and depression. Based on the clinical observations and more recent insights into receptor pharmacology, new modulatory approaches are beginning to emerge, with potential therapeutic benefit.
Introduction
The N-methyl-D-aspartate (NMDA) receptor is a member of the ionotropic glutamate receptor (iGluR) family that mediates a slow, Ca 2+ permeable component of excitatory synaptic transmission in the central nervous system (CNS). The iGluR family also comprises the related α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and kainate receptors, which are distinguished on the basis of sequence identity and pharmacology. NMDA receptors consist of two glycine-binding GluN1 subunits encoded by eight splice variants of a single gene and two glutamate-binding GluN2 (A-D) subunits, arising from four genes [1] . NMDA receptors uniquely require both glutamate and glycine as co-agonists for receptor activation [2] . Following channel opening, membrane depolarization is required to relieve the voltage-dependent Mg 2+ block before ions can permeate the channel pore [3, 4] . The NMDA receptor subtypes have diverse functional and pharmacological properties, which render them attractive therapeutic targets [1, [5] [6] [7] .
Various ligand binding sites are distributed among semi-autonomous domains that make up each subunit within a functional receptor (Figure 1 ). The amino terminal domain (ATD), the ligand binding domain (LBD), and the transmembrane domain (TMD) are each thought to have binding sites and structural determinants that are responsible for the actions of endogenous and exogenous modulatory ligands [1, [8] [9] [10] . The carboxy terminal domain (CTD) binds to intracellular proteins such as calmodulin, calmodulin-dependent protein kinase II (CamKII), and PSD-95, and is subject to post-translational modifications that alter the function of the receptor [1].
The ATD controls important pharmacological and functional properties (i.e. open probability, deactivation time course, agonist EC 50 ) among the four GluN2 subunits [11, 12] . Furthermore, a number of ligands are thought to bind to the extracellular ATD, which exhibits low sequence homology between the GluN2 subunits. For example, the prototypical subunit-selective antagonist ifenprodil (1) ( Figure 2 ) binds selectively to the ATD of GluN2B-containing receptors. The co-crystal structure of this complex shows the ligand binding between the GluN1-GluN2B ATD heterodimer interface [13] . Modulation of NMDA receptors also occurs through the binding of Zn 2+ and other transition metals, as well as the endogenous polyamines spermine and spermidine to the ATD [14] [15] [16] [17] [18] .
The ligand binding domains of GluN1 and GluN2 form a back-to-back dimer ( Figure 1 ) in a manner similar to that observed for AMPA and kainate receptors [3, 19, 20] . The conserved sequence in the glutamate binding sites across the GluN2 subunits has impeded the development of subunit-selective competitive antagonists that bind within the LBD of NMDA receptors [20, 21] . While modest subunit selectivity has been obtained in some instances, this strategy has not yet successfully translated into positive clinical outcomes [22] . Competitive antagonists exist that act at the glycine binding site on GluN1 with modest preference across receptor subtype, but are still being pursued in the patent literature. Several classes of subunit-selective allosteric modulators interacting with the LBD have been identified and characterized, including the previously identified AMPA receptor antagonizing quinazolin-4-one scaffold, the dihydroquinolone-pyrazoline and the phenanthrene-containing modulators, which share some structural determinants of activity in the S2 region of the LBD [8] [9] [10] 23] . The unique structural determinants of action of these ligands suggest novel binding sites, which could establish a precedent for therapeutically relevant modulatory sites in regions other than the ATD [8, 10, [24] [25] [26] . The first allosteric modulator of glycine binding has recently been described and has structural determinants of activity at the dimer interface of the GluN1-GluN2 LBD [27] [28] [29] . Additionally, the S1-M1, S2-M4 and M3-S2 linker regions are critically involved in receptor gating and could potentially influence the binding of ligands that either positively or negatively modulate receptor function [8, 30, 31] . These regions have previously been implicated as structural determinants of endogenous modulatory ions, as tonic inhibition of NMDA receptors by protons is influenced by mutations of residues within the linker regions, as well as within the LBD dimer interface [32, 33] . The membrane spanning helices plus a re-entrant loop of the AMPA receptor subunits are arranged in a fashion similar to an inverted potassium channel. The high degree of sequence similarity in this region across the glutamate receptor family suggests a similar arrangement for the NMDA receptor channel pore [30] . Mg 2+ ions, which block the receptor at resting membrane potential, reside within the permeation pathway and occlude ion flow when present [2, 34] . The clinically tolerated organic cationic channel blockers memantine (2) and amantadine (3), as well as other channel blockers such as phencyclidine (PCP) (4), ketamine (5) and MK-801 (6) (Figure 3 ), are thought to share partially overlapping binding sites within the pore [35] [36] [37] [38] [39] . The initial channel blockers caused adverse events and undesirable side effects in humans, thought to reflect on-target actions associated with strong, nonselective inhibition of normal NMDA function [40] . As a result, the early channel blockers were removed from the market, reduced in scope of use, or abandoned for further development. Both of the FDA-approved NMDA channel blockers memantine (2) and amantadine (3) have low potency (high IC 50 values), rapid dissociation rates, and are well-tolerated [41, 42] . Interestingly, different organic cationic channel blockers show varied levels of trapping block, in which the channel can close and agonist dissociate with the channel blocker still residing within the pore [43, 44] . The molecular basis for this is poorly understood.
Recently, a class of subunit-selective NMDA receptor potentiators was described for which the structural determinants of selectivity reside within the M1 transmembrane helix, a region not previously identified as interacting with other modulatory ligands in the glutamate receptor family [45, 46] . This class of compounds appears highly selective for GluN2C-and GluN2D-containing receptors. It remains unclear whether these compounds access a binding site in the lipid bilayer or interact with elements in or near the transmembrane helices from the extracellular side. Another class of potentiators favoring GluN2C-and GluN2D-containing receptors has been described with a complex structure-activity relationship, which may involve the S2 region of the LBD [9, 47] .
The intracellular C-terminus shows low sequence homology between subunits. This region can bind to a variety of intracellular scaffolding proteins and is a target for post-translational modification such as phosphorylation. Modulation of the protein-protein interactions that occur between the CTD and multiple binding partners can impact cellular localization, thus representing an intriguing new therapeutic strategy for regulating NMDA receptors [1,48-50].
Therapeutic Indications for NMDA Modulators
Several neurological diseases and disorders have long been considered to involve NMDA receptors, suggesting potential therapeutic strategies based on NMDA receptor antagonists and allosteric modulators. Decades of work has shown that NMDA receptor antagonists have neuroprotective properties, making them target candidates for the treatment of hypoxic or ischemic conditions that occur during stroke and cardiac arrest [51, 52] . An important sequence of events leading to neurodegeneration in these conditions is the elevation of glutamate and the resulting glutamate-induced excitotoxicity, secondary to overactivation of Ca 2+ permeable NMDA receptors [53, 54] . NMDA receptor antagonists have also been studied extensively pre-clinically and in clinical trials for indications such as Alzheimer's disease, Parkinson's disease, traumatic brain injury (TBI), and stroke [55] [56] [57] [58] [59] . Most of these trials either failed to obtain statistically significant results or were discontinued due to significant adverse events [52, [58] [59] [60] [61] [62] [63] . In some cases, reduction of the dose to limit off-target side effects likely contributed to lack of efficacy [58] [59] [60] [61] [62] [63] [64] . In addition to these trials, those involving GluN2B-selective inhibitors (i.e.-CP-101,606) and channel blockers (i.e. 5) for treatment-resistant depression have yielded promising results; with acute dosing regimens and long lasting effects [65, 66] . Memantine (2) and amantadine (3) are FDA-approved for the symptomatic treatment of Alzheimer's disease and Parkinson's disease, respectively ( Figure 3 ) [67, 68] . However, neither is thought to alter the course of the disease; their primary utility is to improve quality of life.
Strikingly, some early NMDA receptor antagonists, such as PCP (4, Figure 3 ), produce symptoms indistinguishable from the acute psychosis observed in schizophrenia [69] . These observations led to the hypothesis that dysfunction of the NMDA receptor may play a role in the etiology of schizophrenia [70] [71] [72] . Positive modulators of NMDA function, such as glycine transport inhibitors and agonists acting at the glycine site, have shown some improvement of the negative effects of schizophrenia in a few clinical trials; these symptoms are typically resistant to treatment with available antipsychotics [73] [74] [75] [76] . Accordingly, NMDA receptor potentiators have been proposed to have potential therapeutic benefit for patients with schizophrenia.
NMDA receptors play a crucial role in learning and memory, and as such, NMDA receptor potentiators have been considered clinically useful for enhancement of these processes [77] [78] [79] . Ablation of GluN2B in knockout mice compromised synaptic plasticity, thought to be a cellular model of learning [80, 81] . Moreover, pharmacological blockade of NMDA receptor function can disrupt synaptic plasticity, and some NMDA receptor antagonists impair learning [82] [83] [84] [85] [86] [87] [88] [89] [90] . D-cycloserine (DCS) is a partial agonist at GluN2A-, GluN2B-, and GluN2D-containing receptors, but produces a larger response than glycine at GluN2C receptors [91, 92] . Interestingly, DCS showed a pronounced effect on facilitation of fear extinction [93] [94] [95] . Some clinical data suggest that use of D-cycloserine (clinically approved for use in tuberculosis) may improve the effectiveness of behavioral therapy for anxiety disorders such as post-traumatic stress disorder (PTSD) and phobias by affecting emotional learning; the exact mechanism and extent of the effect is still under investigation [96] .
Although significant data suggest that NMDA receptors may be an effective therapeutic target for many CNS-related diseases and possibly cognitive enhancement, a full understanding of the role of the receptor subtypes in the physiology of disease states is still developing. As next generation subunit-selective modulators are developed, they are expected to improve efficacy, while minimizing side effects. Since the last review was published in 2010, a number of NMDA receptor modulators have appeared in the patent literature and are summarized below [97] .
NMDA Receptor Channel Blockers
Two new patents have been published since 2010 that describe NMDA receptor channel blockers. A patent issued in 2012 claimed analogues structurally similar to PCP (4) ( Figure  3 ) that contain a bicyclic moiety [98] . The authors claimed that the introduction of constrained alkyl rings and para-substituted phenyl rings decreased acute toxicity, while maintaining efficacy. Substitution of a hydrogen atom with a fluorine atom is a well-known strategy to modify the physicochemical properties of a drug and was often employed by the inventors in other areas of research [99] [100] [101] . Acute toxicity was assessed by monitoring animals for signs of impaired neurological or muscular function using the rotorod test. The representative compound, bicyclo-4-F-PCP (7) (Figure 4 ) competes with the known channel blocker MK-801 (6) ( Figure 3 ) and showed no toxicity at 100 mg/kg with modest non-lethal toxicity at 300 mg/kg.
A patent claiming tricyclic compounds as NMDA receptor channel blockers was published by researchers at the National University Corporation Chiba University in Japan for use in the treatment or prevention of diseases characterized by impairment of higher cerebral functions [102] . In a voltage clamp assay using GluN1/GluN2A-expressing Xenopus oocytes, AQ444 (8) (Figure 4 ) had an IC 50 value of 0.47 μM at −70 mV. Investigation of the subunit selectivity of 8 showed approximately a 10-fold lower IC 50 value at GluN1/ GluN2A-, GluN1/GluN2B-, and GluN1/GluN2D-containing receptors than at GluN1/ GluN2C-containing receptors. This observation is consistent with aromatic polyamine derivatives that have also shown some subunit selectivity [17, 103] .
Glycine Site Antagonists
Several lines of evidence suggest that glycine site antagonists might have a better therapeutic index than glutamate site antagonists or channel blockers. For example, competitive glycine site antagonists do not produce side effects typically associated with NMDA receptor blockade, such as neurodegenerative changes in the cingulate/retrosplenial cortex, psychotomimetic effects, and learning impairment [104] [105] [106] [107] [108] [109] [110] . Recently, it has also been shown that several glycine site antagonists and partial agonists do not cross discriminate with PCP at therapeutically relevant concentrations [111] .
Two patent applications claiming over 200 compounds were disclosed by Merz Pharma [112, 113] . A class of naphthalene derivatives (9) and a class of pyrazolopyrimidine derivatives (10) ( Figure 5 ) were characterized in a competitive binding assay against radiolabeled MDL-105,519, a high affinity NMDA receptor glycine site antagonist. Each class was functionally evaluated using electrophysiological whole cell patch-clamp recordings in rat hippocampal neurons (co-applied with the glycine site agonist D-serine and NMDA) and/or fluorometric intracellular Ca 2+ -flux assays (FLIPR). Biological data was only reported for the naphthalene derivatives (9) . Examples from each series are shown in Tables 1-2 , along with available binding and functional data.
GluN2B-Selective NMDA Receptor Antagonists
The discovery of an extensive class of GluN2B-subunit-selective antagonists (typified by ifenprodil (1)) has allowed a detailed exploration of the role of the GluN2B subunit in clinical indications ranging from ischemic cell death to depression [58, 114, 115] . However, the off-target effects associated with the compounds selected for clinical testing have hindered approval for human use [114] .
EVT-101 (11) (Figure 6 ), first claimed by Hoffman-La Roche in 2003, has more recently been claimed by Evotec in a method of use patent for cognitive impairment, neurodegenerative diseases, pain, depression, attention deficit hyperactivity disorder, and addiction [116, 117] . The patent described data collected from phase I and phase II clinical trials, some of which is summarized below. The inventors listed various pharmacokinetic (PK) data points collected from cerebral spinal fluid (CSF) after single dose administration for eight consecutive days. The phase II clinical trial in treatment-resistant depression was voluntarily terminated in 2011.
A PCT (Patent Cooperation Treaty) application from the University of Münster claiming 30 specific structures related to benzo-fused nitrogen heterocycles of generic structure 12 showed competition against radiolabeled ifenprodil with affinities in the nanomolar region (5.1 nM to 586 nM) [118] . The compounds showed no competition with radiolabeled MK-801, but several compounds exhibited comparable binding affinities for the opioid (σ 1 and σ 2 ) receptors to that of NMDA receptors; more data is needed to better understand the ramifications of actions on opioid receptors. The inventors claimed indications including pain, ischemic and hemorrhagic stroke, Parkinson's disease, Alzheimer's disease, Huntington's disease, depression, and numerous forms of addiction.
A US patent claiming 24 specific piperidine derivatives, similar to 13 and14, was published in August 2010 from Shionogi & Co., Ltd [119] . The inventors showed competition data using radiolabeled ifenprodil to determine nanomolar affinity for several compounds, but reported only one functional IC 50 from an electrophysiological experiment (GluN2B IC 50 4.6 μM, compound 14). The authors also claimed efficacy in a two phase formalin-induced pain mouse model using compound 14 at a dose of 1.1 mg/kg for the first phase of the assay and 0.7 mg/kg for the second phase.
Antagonists Selective for Receptor Subunits Other than GluN2B
The general lack of subunit-selective antagonists has made it difficult to assess the role the NMDA receptor subtypes play in pathophysiological conditions [1, 7, 42] . Since global antagonism of the NMDA receptor with competitive antagonists and channel blockers has often shown undesirable clinical effects, the recent discovery of subunit-selective modulators for subunits other than GluN2B could have significant impact on both preclinical and clinical research. The temporal and spatial distribution of the various receptor subtypes has led to several hypotheses about the involvement of the individual subtypes in a host of pathophysiological states [1, 42, 56] . For example, multiple lines of evidence suggest that GluN2D is expressed in the external globus pallidus, subthalamic nuclei, and internal globus pallidus/substantia nigra reticulate, leading to a rationale for how inhibition of GluN2D-containing receptors could impact basal ganglia function in Parkinson's disease [56, 120, 121] .
Researchers at Emory University filed a patent that disclosed two classes of compounds typified by 15 and 16 ( Figure 7 ) and provided numerous examples of each [122] . IC 50 data was collected using two-electrode voltage clamp recordings from recombinant receptors expressed in Xenopus oocytes. Several compounds claimed had low micromolar IC 50 values at GluN2C-and GluN2D-containing receptors with minimal activity at GluN2A-or GluN2B-containing receptors. The compounds act in a glutamate-dependent manner, with structural determinants of selectivity comprised of residues encoded by the S2 region of the polypeptide, chain, which forms a portion of the LBD (Figure 1) [8, 24] . Inhibition is noncompetitive and voltage independent.
Researchers at the University of Nebraska and the University of Bristol patented compounds that had varied (positive and negative) modulatory activity and selectivity across the NMDA receptor subtypes [47] . The patent expanded on phenanthrene (17) (18) (19) and naphthalene (20) (21) (22) (Figure 8 ) derivatives previously claimed in the patent literature and studied in the primary literature [9, [123] [124] [125] . The authors showed data from two-electrode voltage clamp experiments across all four receptor subtypes. The compounds had potencies in the low to high micromolar range, and some compounds exhibited less than full inhibition. The authors concluded from the experiments that the site of action does not reside in the ATD, and suggest that the structural determinants of selectivity reside in the LBD. A subsequent paper further explaining the structure activity relationship (SAR) around the compounds has been published [126] . A wide range of indications was claimed.
Although not discussed in the patent literature, another important advance has been the description of a family of highly selective NR2A inhibitors by Bettini et al. [27] . This series of compounds, typified by TCN-201, show remarkable selectivity for GluN2A over all other NMDA receptor subunits. TCN-201 has been shown to be an allosteric modulator of glycine binding, in that the TCN-bound molecule shows a decreased glycine affinity [28, 29] . Because TCN-201 is an allosteric modulator, glycine reciprocally reduces TCN-201 potency [28] . Site-directed mutagenesis has identified residues at the GluN1 LBD/GluN2 LBD interface that control TCN-201 potency, suggesting that the binding site for this modualtor may exist at this interface [28] . These compounds could become invaluable tools for use in the study of GluN2A function in neuronal circuits.
Positive Modulators of NMDA Receptor Function
Enhancement of NMDA receptor activity has been suggested to have therapeutic benefit in a range of neurological conditions, including schizophrenia, anxiety, and bone disorders [75, 96, 127] . Several endogenous compounds including polyamines and neurosteroids have been reported to positively modulate the NMDA receptor complex [7, 25, 128, 129] . Spermine and spermidine selectively potentiate GluN2B-containing receptors with EC 50 values near 100 μM [129] [130] [131] . The neurosteroid pregnenolone sulfate (PS) is known to potentiate GluN2A-and GluN2B-containing NMDA receptors, while weakly inhibiting GluN2C-and GluN2D-containing receptors [25, 128] . Potentiation by cations and aminoglycosides has also been described [5, [131] [132] [133] [134] . Until recently, no other compounds capable of allosterically potentiating recombinant NMDA receptors have been reported [7] .
Recently, a series of analogues typified by 23 and 24 ( Figure 9 ) was described that selectively potentiates GluN2C-and GluN2D-containing NMDA receptors over GluN2A-and GluN2B-containing receptors [46] . A detailed SAR was described, listing 119 novel structures, using a two-electrode voltage clamp assay to characterize the compounds. Compound 23 was reported to have an EC 50 of 11 μM at GluN2C-containing receptors with a maximum potentiation of 181%, and an EC 50 of 13 μM at GluN2D-containing receptors with a maximum potentiation of 162%. No effect was observed at GluN2A-or GluN2B-containing receptors. The inventors claimed additional analogues with a 3-fold increase in potency through the SAR efforts. A large number of CNS-related disorders affecting NMDA receptor activity were claimed as methods of use. In a subsequent manuscript, the inventors showed activity of 25 on native receptors in the subthalamic nucleus [45] . They also identified a single residue within the TMD, Thr592, required for the activity of 25, suggesting that a novel modulatory site might exist in this region of the GluN2C-and GluN2D-containing recombinant receptors [45] .
A second series of analogues was recently disclosed by researchers at the University of Nebraska in a patent describing compounds that either positively or negatively modulated the receptor (Figure 8 ) [47] . A voltage clamp assay illustrated the ability of several compounds to selectively potentiate responses at GluN2A-, GluN2B-, GluN2C-or GluN2D-containing receptors, with no effect or weak inhibition at the other subunits [47] . UBP512 (17) (Figure 8 ) exhibited modest potentiation (125% of control at 300 μM) at GluN1/ GluN2A receptors, inhibition at GluN1/GluN2C and GluN1/GluN2D, and no effect at GluN1/GluN2B [9, 77, 135] . A second derivative, UBP710 (18) (Figure 8 ), potentiated GluN2A-and GluN2B-containing receptors while inhibiting GluN2C-and GluN2D-containing receptors. Chimeric receptors suggested that the S2 region of the LBD may be important for the potentiating activity of both 17 and 18. Selective potentiation of GluN2D-containing receptors was demonstrated by UBP551 (20) , with inhibition at all other subunits. The ability of 20 to distinguish between the GluN2C-and GluN2D-subunit, despite their high degree of sequence homology, makes this an intriguing analogue [9, 77] .
Indirect Modulators of NMDA Receptor Function
A number of patents have focused on using RNA, small peptides, and peptido-mimetics to indirectly modulate NMDA receptor function [136] [137] [138] [139] [140] [141] [142] [143] . Of note are those describing technology developed by NoNo Inc. and Arbor Vita Corporation [137] [138] [139] 141, 142, 144] . The inventors have recently published a study which showed promising results using an inhibitor targeting PSD-95 binding in a non-human primate model of stroke; the compounds could be administered more than three hours post occlusion and still maintain efficacy [50] .
A patent from Aventis Pharmaceuticals Inc. claimed 42 novel dipyrazole-based inhibitors (26) (Figure 10 ) of spinophilin binding to protein phosphatase 1 (PP-1) which enhance NMDA receptor function [145] . Spinophilin anchors PP-1 in the vicinity of the receptor to facilitate dephosphorylation of specific GluN1 residues, which is thought to reduce the NMDA response [146, 147] . Therefore, disruption of the spinophilin-PP-1 complex leads to potentiation of NMDA response [145, 146] . An ELISA time-resolved fluorescence 384-well assay was used to evaluate the ability of the compounds to prevent spinophilin-PP-1 interaction. An increase in NMDA-evoked current was observed upon administration of the compounds to the intracellular side in voltage clamp whole-cell recordings (Table 3) , and a MK-801(6)-induced psychosis rodent model was used to evaluate the efficacy of these compounds against neuropsychiatric disorders.
Indirect NMDA receptor modulators also include glycine transport (GlyT) inhibitors, metabotropic glutamate receptor (mGluR) modulators, and muscarinic modulators. These strategies represent significant therapeutic potential for this growing area of research and are being studied in both the primary and patent literature [148] .
Unknown Site Modulators
A patent application describing a class of benzothiadiazepine compounds with modulatory activity on both AMPA and NMDA receptors was published by inventors from Les Laboratoires Servier in France in 2010 [149] . The benzothiadiazine compound IDRA-21 (27) (Figure 11 ) was reported to reduce AMPA receptor desensitization in vitro, and reduce NMDA receptor whole-cell currents in cerebellar granule cells. Experiments on recombinant NMDA receptors expressed in HEK-293 cells suggested that the compound was more effective on GluN1/GluN2B receptors than on GluN1/GluN2A receptors. Similarly, additional compounds described are claimed as positive allosteric modulators of AMPA and antagonists of NMDA receptor function, however only one compound had data reported; compound (28) had an IC 50 of 9 μM in a two-electrode voltage clamp assay recorded from Xenopus oocytes injected with poly(g) mRNA from rat cortex.
A group at Hong Kong University of Science and Technology protected a series of steroidal compounds which targeted both melanocortin 4 (MC4) and NMDA receptors [150] . Compound DA001 (29) (Figure 12 ) appears to inhibit NMDA-evoked current in a whole cell patch clamp assay, as well as show concentration-dependent decrease of NMDA-evoked response in rat primary cortical neurons.
Deuterated Analogues
Over the past few years, pharmaceutical companies have expressed a growing interest in deuterium-hydrogen substitution in order to improve the pharmacokinetic properties of currently approved drugs [151] . Evidence suggests that selective deuterium incorporation may slow or prevent undesired metabolism, while still retaining the biochemical potency and physiological selectivity of the parent compound [152] . A full discussion of the patents published prior to 2010 based on this strategy was published in an earlier review [97] . An additional patent covering deuterated analogs of known NMDA receptor modulators has since been filed by Auspex Pharmaceuticals, Inc. [153] .
New Therapeutic Indications for Patented NMDA Receptor Modulators
NMDA receptor modulators have been well studied for use in stroke, Alzheimer's disease, and Parkinson's disease [55, 56, 59, 67] . The new appreciation for possible use of NMDA receptor antagonists follows work with ketamine, which has shown tremendous promise for the treatment of depression [66, 154, 155] . Additional pre-clinical and clinical trials have focused on other indications, including tinnitus and pseudobulbar affect (PBA) in multiple sclerosis (MS) and ALS, broadening the range of diseases for which NMDA receptor modulators may have therapeutic potential. Patents covering the use of these compounds, along with clinical trial data from 2010, support the benefits of NMDA receptor modulators in these disease states [156] [157] [158] [159] .
Tinnitus, or "ringing in the ears," is the perception of noise despite the lack of an external auditory source [160] . It has been proposed that there may be interplay between salicylateinduced tinnitus, which involves the inhibition of the cyclooxygenase and potentiation of NMDA receptors in the cochlea [161] . Neramexane (30) (Figure 13 ), an NMDA receptor channel blocker, was recently patented by Merz Pharma for use in cochlear tinnitus [156] . A self-reported questionnaire was given at the end of a 16-week double-blind placebocontrolled trial. Patients who had experienced onset of tinnitus three to eight months before the trial were the most responsive to treatment. Between 2010 and 2011, 30 was studied in four separate phase II and III trials [162] . An additional study on the long term safety and tolerability of 30 was terminated in 2012 [162] .
Although dextromethorphan is a known NMDA receptor antagonist and sigma receptor agonist, a more recent combination therapy directed towards decreasing the metabolism of dextromethorphan met FDA approval in 2010. The combination of dextromethorphan hydrobromide and the supplement quinidine sulfate, also called Nuedexta (35) , was approved for the treatment of PBA in MS and ALS patients [163, 164] . PBA is an emotional state, characterized by intense involuntary outbursts of laughing and/or crying, associated with approximately 10% of MS patients and 50% of ALS patients [165] . A patent was recently issued to AVANIR Pharmaceuticals Inc. for the use of 31 in the treatment of a variety of neurological disorders, including ALS and associated PBA [157] . Additionally, other uses for 31 are currently being explored including a phase II clinical trial for treating central neuropathic pain in MS patients, which is currently recruiting, and a phase II trial for agitation in Alzheimer's patients which has been verified, but is not yet recruiting [166] .
Also noteworthy is a patent from Rottapharm S.p.A. regarding a new method of use for neboglamine (32) , which may act as a positive allosteric modulator of NMDA receptor function [159, 167] . A second patent application was published for 32 in the treatment of toxico-dependency against sedatives and stimulants [158] .
Conclusion
Although many of the NMDA antagonists studied in the clinic for neuroprotection were ultimately unsuccessful, more recent studies have demonstrated important advances in the field with potential to treat other conditions. Of particular significance has been the positive data showing the utility of ketamine for treatment-resistant depression. The patent literature over the past two years highlights several noteworthy advances, many with potential to treat new therapeutic indications. Only a modest number of patents were published describing NMDA receptor channel blockers. Although GluN2B-selective antagonists have been under intense scrutiny for years, advances in these technologies have been slow for this widely studied class. The discovery of antagonists selective for other subunits has been highlighted with the addition of two novel structural classes selective for GluN2C-and GluN2D-containing NMDA receptors. The first subunit-selective potentiators were also disclosed in the last two years. Significant research has been directed toward the indirect modulation of the NMDA receptor by targeting protein-protein interactions which disrupt or enhance NMDA function. One company, Auspex Pharmaceuticals, has focused on enhancing the pharmacokinetic properties of known NMDA receptor antagonists by incorporating deuterium in place of hydrogen. Interestingly, several new uses have emerged in recent years for NMDA receptor modulators including tinnitus and PBA associated with MS, highlighted by the clinical trials of Neramexane and Nuedexta.
Expert Opinion
The recent patents filed involving ligands acting at NMDA receptors emphasize at least four important points regarding current thinking of the therapeutic utility of the NMDA receptor as a target. First, it seems widely accepted and intuitively reasonable that subunit-selective ligands may enhance efficacy while diminishing side effects. This is a strategy that will continue to be pursued, supported by basic research delineating the roles of various NMDA receptor subunits in normal brain function and neurological disease. A growing body of clinical and basic research data now supports this trend, and several of the patents described here focus on subunit-selective agents. As the number of compounds that are selective against various receptor subtypes continues to increase, the field should be poised not only for rapid growth toward an enhanced understanding of the physiology of the receptors, but also poised for discoveries that exploit these previously unrecognized sites in pre-clinical and clinical settings [8, 10, 45] . Second and perhaps related, it seems probable that drug development efforts may shift further toward allosteric modulators. These compounds often bind to regions of the ligand-gated channels with less amino acid conservation than the ligand binding site or channel pore. Ligands acting at these sites can either potentiate or inhibit receptor function, and it is typically thought that there can be a continuum of activity at any site. Although there are few examples of this for the NMDA receptor, there are numerous examples for GABA receptors (benzodiazepine site) and G-protein coupled receptors (mGluRs, biased signaling) [168, 169] . Moreover, by preserving some function even at saturating concentrations of ligands, negative allosteric regulators should have a better safety profile than previously studied competitive antagonists and channel blockers that eliminate all activity at all subunits at saturating levels. Third, there is renewed interest in channel blockers and GluN2B selective agents, driven by the clinical data that both can relieve symptoms of treatment-resistant depression [65, 66] . This fascinating observation coupled with the generally safe and well-tolerated profile of low affinity and rapidly reversing channel blockers such as memantine (2) has renewed interest in these compounds, not long ago considered clinically a dead-end by many in the field. Fourth, the recent description of a range of drug-like small molecules capable of enhancing NMDA receptor function will likely stimulate further development, given the numerous neurological conditions (schizophrenia, cognitive impairment, learning and memory) that have been proposed to be amenable to treatment with NMDA receptor potentiators [77] . As these compounds enter the mainstream academic literature and data regarding their utility emerges, it seems very likely that work and progress will accelerate.
Article Highlights
• An overview of the structure and function of the NMDA receptor is given with binding sites for known NMDA receptor modulators identified in the text.
• A historical perspective on the therapeutic potential of NMDA receptor modulators is presented with particular attention paid to the new applications in the treatment of pain, treatment-resistant depression and schizophrenia.
• A review of the patent literature around subunit-selective negative allosteric modulators disclosed since 2010 is described. Significant advances have been made in this timeframe in the discovery of negative allosteric modulators selective for GluN2A-, GluN2C-and/or GluN2D-containing NMDA receptors.
• The first classes of subunit-selective positive allosteric modulators have been disclosed and are reviewed in detail.
• Due to recent promising clinical data, interest has been directed toward NMDA receptor channel blockers and GluN2B selective antagonists for use in treatment-resistant depression. 
